This paper provides the performance evaluation of the meteorological component of The Air Pollution Model (TAPM), a nestable prognostic model, in predicting meteorological variables in urban areas, for both its surface layer and atmospheric boundary layer (ABL) turbulence parameterizations. The model was modified by incorporating four urban land surface types, replacing the existing single urban surface. Control runs were carried out over the wider area of Kozani, an urban area in NW Greece. The model was evaluated for both surface and ABL meteorological variables by using measurements of near-surface and vertical profiles of wind and temperature. The data were collected by using monitoring surface stations in selected sites as well as an acoustic sounder (SOnic Detection And Ranging (SODAR), up to 300 m above ground) and a radiometer profiler (up to 600 m above ground). The results showed the model demonstrated good performance in predicting the near-surface meteorology in the Kozani region for both a winter and a summer month. In the ABL, the comparison showed that the model's forecasts generally performed well with respect to the thermal structure (temperature profiles and ABL height) but overestimated wind speed at the heights of comparison (mostly below 200 m) up to 3-4 ms −1
Introduction
According to the Energy Efficiency Directive (European Parliament and Council of the European Union 2012/27/ EU), EU countries should take measures in order for their building's stock to present the lowest possible energy consumption, while ensuring optimum conditions for users.
Energy studies in buildings and especially reliable calculation of their energy consumption including short-term forecast of air-conditioning loads require the use of a reliable forecast of In memory of Professor Kostas Rados.
various meteorological variables at a very high spatial resolution (hundreds of meters) over an urban area (Salamanca et al. 2011) . Mesoscale models at a resolution of a few kilometers provide very coarse information since an urban area is merely covered by single digit number of computational cells in most of the applications. On the other hand, application of mesoscale models at the microscale requires a complete understanding of the physical mechanisms and parameterizations of the model when the size of the computational cell is comparable to the main scale of the phenomena one wishes to forecast. The parameterization problem is also directly associated with the selection of the important parameters such as the roughness length. Heterogeneities in land surface characteristics that occur in transitions from a city to the rural countryside can significantly alter the lower part of the atmospheric boundary layer through mechanic and thermodynamic interactions. Moreover, the presence of urban street canyons, which are areas where the street is flanked by buildings on both sides creating a canyonlike environment, creates the street canyon effect, i.e., the modification of the characteristics of the atmospheric boundary layer as well as alterations in the temperature, wind speed, and wind direction within the canyon. The temperature inside the canyon can be augmented 2-4°C and the vertical wind velocity approaches 0 at the roof level of the canyon, while shear production and dissipation are high at the roof level and a strong thin shear layer is created at the building height (Lien et al. 2004) . Surface and atmospheric processes are simulated in models used in energy applications. These processes are related to the atmospheric boundary layer (ABL), a region where large vertical transport of heat and water vapor takes place (Hennemuth et al. 2006; Bouris et al. 2016) .
In the frame of BArchimedes III^program, funded by the Greek Ministry of Education and Religious Affairs, a project was carried out aiming to address both numerically and experimentally the above issues. For this purpose, the meteorological component of The Air Pollution Model (TAPM), a nestable prognostic atmospheric model, and a microscale computational fluid dynamics (CFD) type numerical model are coupled. The mesoscale forecasts provided by TAPM serve as inlet boundary conditions to the CFD type numerical model, which is used for the prediction of flow fields and temperature profiles (Bouris et al. 2016; Richards et al. 2002) at the building scale of the urban street canyon. This information will, in turn, facilitate the development of a mesoscale urban canopy model to be used for refinement of the mesoscale predictions.
Meteorological data from surface station installed in the suburban and rural area around the city as well as sonic detection and ranging (SODAR) and temperature profiler in urban area were used for the model evaluation.
It is not an easy task to get measurements (especially SODAR measurements) in an urban environment and, thus, there are not many similar profile measurements with remote sensing available in literature. Emeis et al. (Emeis et al. 2007 ) compared SODAR profiles over three cities of different size (Moscow, Hanover, and Linz) with analytical approximations for the Prandtl and Ekman layer and found greater slopes in wind profiles due to high roughness values in cities and enhanced turbulence compared to rural sites. Pelliccioni et al. (Pelliccioni et al. 2012 ) used a SODAR-RASS system to measure temperature and wind profiles for a time period of 1 year in Rome, Italy. They applied surface similarity to sonic flux measurements and tested it with measured mean profiles up to 200 m. Temperature profiles were closer to similarity profiles (error less than 50%) than wind speed (even a 300% error in stable conditions). Drew et al. (Drew et al. 2013 ) compared Doppler lidar wind profiles over London with various wind theoretical profiles and roughness length based on 1-km land use data resolution and found good agreement for near neutral profiles.
This paper provides the performance evaluation of the meteorological component of TAPM, in predicting meteorological parameters in urban areas, for both its surface layer and ABL turbulence parameterizations. Ultimately, it is intended that the predicted parameters be used as boundary conditions for microscale computational fluid dynamic simulations of the urban environment, including building geometry. The interdependence of the meso-and microscale simulation accuracy is also a motivation for the performance evaluation presented here.
In the context of the European Directive for energy efficiency in buildings, a recent law in Greece has set up building certificate procedures as well as measures for improving their energy efficiency. However, given the large-scale application of the whole process, the various methods proposed for classifying the buildings in terms of energy efficiency are based on statistical meteorological data. The proposed action clearly aims to develop a methodology to overcome the uncertainty introduced by statistically obtained estimates of meteorological parameters.
Data and methodology

Site description and climatic characteristics
Kozani is the most populated area of West Macedonia, an area in northern Greece. The city is the capital of Western Macedonia Prefecture located among Vermio, Bourino, and Pieria Mountains. It has about 60,000 inhabitants while a number of about 5000 students are added to the permanent residents yearly, since Kozani houses the TEI of Western Macedonia (TEIWM) and University of Western Macedonia. The city is densely built, as shown in Fig. 1 . The center of the city occupies an area of about 5 km 2 . Blocks of flats in the city center count four to five floors, while the rest of the buildings are about two to three floors in height. The developed street canyons affect temperature, wind speed, and direction in the canyon (Mochida and Lun 2008; Nunez and Oke 1977; Hurley 1997) . The greater area is characterized as energy heart of Greece, since the greater percentage of the energy produced in Greece is produced there. The climate of the area is continental Mediterranean characterized by low temperatures during winter and high ones during summer. From the temperature data collected by the meteorological station of AirLab/TEIWM (Fig. 1) for the period of January 2003 to December 2014, the average daily winter temperature is 3.7°C, the mean maximum daily winter temperature is 6.6°C, and the mean minimum daily winter temperature is 1.6°C. During the summer months, these temperature values are 23, 25.7, and 20.2°C, respectively. The lower mean monthly temperature, equal to 0.2°C, was recorded in January 2007, while the higher mean monthly ones, equal to 27.3°C, was recorder in July 2012.
TAPM-meteorology module
TAPM is a three-dimensional, nestable, prognostic meteorological, and air pollution model. The meteorological component of TAPM is an incompressible, non-hydrostatic, primitive equation model with a terrain-following vertical coordinate for three-dimensional simulations. The model solves the momentum equations for horizontal wind components, the incompressible continuity equation for vertical velocity, and scalar equations for potential virtual temperature and specific humidity of water vapor, cloud water/ice, rainwater, and snow. The Exner pressure function is split into hydrostatic and nonhydrostatic components, and a Poisson equation is solved for the non-hydrostatic component. Explicit cloud microphysical processes are included. The turbulence terms in these equations have been determined by solving equations for turbulence kinetic energy and eddy dissipation rate and then using these values to represent vertical fluxes by a gradient diffusion approach, including counter-gradient terms. A vegetative canopy, soil scheme, and urban scheme are used at the surface, while radiative fluxes, both at the surface and at upper levels, are also included. The model uses surface similarity and urban parameterizations of various surface parameters (like roughness length and displacement height) to estimate surface turbulent fluxes, and the standard E-ε turbulence closure for the estimation of eddy diffusivity in the ABL. Non-local buoyancy flux is explicitly considered in TAPM under convective conditions. The model is initialized at each grid point with values of u s , v s (large scale synoptic winds), θ vs (potential virtual temperature), and q s (saturated specific humidity) interpolated from the synoptic analyses. Surface temperature and moisture are calculated from a weighted average of soil, vegetation, and urban land use values. A surface energy balance approach is used for the vegetation temperature and a force-restore approach for the calculation of the temperature of urban surfaces that may include an anthropogenic heat flux. If the surface type is water, then the surface temperature is set equal to the water surface temperature and surface moisture is set equal to the saturation value. If the surface type is permanent ice/snow, then the surface temperature is set equal to − 10°C and surface moisture is set equal to the saturation value. If the surface type is land, then we assume that a single layer of vegetation overlays the soil. Eight urban/industrial land use Fig. 1 The city of Kozani. The place of the AirLab/TEIWM meteorological station where the temperature data has been taken is also shown Table 1 Land surface database categories (urban, urban low, urban medium, urban high, urban central business district (CBD), industrial low, industrial medium, industrial high) can be selected through the model user interface, with the parameters σ U (urban heat capacity), a U (urban albedo), A U (urban anthropogenic heat flux, W m −2 ), k U (conductivity), and z oU (urban roughness length) to be different for each land use category. More details on TAPM equations and parameterization, including the numerical methods used to solve the model equations, can be found in (Duynkerke 1988; Hurley 2000; Hurley et al. 2001; ZawarReza et al. 2005; Coutts Andrew et al. 2008) .
For the needs of the current study, the model was configured with five nested horizontal domains of 21 × 21 horizontal points with 30-km, 10-km, 3-km, 1-km, and 300-m grid spacing and 45 vertical levels ranging from 10 up to 8000 m. The topography of the area at high resolution (90 m, STRM3) was imported. The simulations used as model input 6-hourly synoptic scale analyses on a longitude /latitude grid at 1.0°, from the Australian Bureau of Meteorology to provide the synoptic conditions. TAPM was modified to improve simulations of urban environments by incorporating four urban land surface types (low, medium, and high density and CBD) replacing the existing single urban surface (Coutts Andrew et al. 2008) . Therefore, high density areas were deemed to be greater than 15 dwellings per 10.000 m 2 , medium density areas between 10 and 15 dwellings per 10.000 m 2 , and low density areas less than 10 dwellings per 10.000 m 2 . The CBD is the commercial center of a city that is usually characterized by tall buildings of office and residences. Table 1 below shows the categorization of land use for each computational cell for the city of Kozani, created on reflection maps for the area and in accordance with the criteria set in bibliography for the urban area of the study area (Coutts Andrew et al. 2008) . Figure 2 shows the surrounding area of Kozani before and after the introduction of land use data TAPM. Model predictions of meteorology (the model run without meteorological data assimilation) were extracted at the nearest grid point to each of the four meteorological monitoring sites at 10 m above the ground for winds and at screen level for temperature. The simulations were carried out with 24-h spin-up time.
Instrumentation
Surface measurements
The weather stations for temperature and wind surface measurements were installed in Petrana, Xaravgi, TEI, and Kato Komi, rural stations, shown in the following Fig. 3 . The location of each site is presented in Table 2 . Hourly measurements were used referred to the period of July 2013 and January 2014.
ABL measurements
The instrumentations used for wind and temperature measurements in the ABL over the urban area of Kozani were an acoustic sounder (SODAR) and a radiometer profiler (MTP-5), respectively.
More specifically, for the vertical profile measurement of wind direction and velocity the acoustic sounder (a) (b) Fig. 2 Window surface data processing a prior to the introduction of land use data and b after the introduction of land use data. Blue: forest-low sparse (woodland). Orange: pasture/herb-field-mid-dense (seasonal). Red: urban (low). Pink: urban (medium). Magenta: urban (high) (Fig. 4 ) was used. The SODAR transmits short and high power acoustic pulses of five frequencies in the range 1720 to 2440 Hz into the atmosphere sequentially in three directions: one vertical beam and two beams inclined at about 16°from the vertical on two perpendicular to each other planes. A small fraction of the acoustic energy is scattered back from density (or equivalently virtual temperature) fluctuations of the atmosphere, with the corresponding frequencies being a factor of the wind component parallel to the propagation of the acoustic waves. By means of the propagation time of the acoustic wave and the sound speed, the distance (or the height range) of the measuring volume can be evaluated (PCS 2000) . The SODAR was installed on the terrace of a building in the city of Kozani at a total height of 707 m (including the height of the building) above sea level and 30 m horizontal distance from the road (40.301718°, 21.800835°). Measurements were conducted from January 2014 to January 2015 with intermediate nonoperation periods due to technical problems, following a certain protocol for the minimization of residence disturbance (operation level was reduced during night and off mode operation during Sundays). SODAR data (main products were wind components and backscatter intensity) were stored in 10-min periods from 40 m up to 300 to 400 m above ground depending on operation parameters in 20-m height intervals. MTP-5 R.P.O. BATTEX^( Fig. 5 ) was used for temperature vertical profile measurements. MTP-5 is a remote sensing instrument that measures radiation emitted from the lower 1000 m of the atmosphere, within the Planetary Boundary Layer. Atmospheric radiation is measured by scanning in angular steps from horizontal to vertical and the operating software processes the data into vertical height and temperature information. The data is stored and profiles are displayed graphically every 5 min, typically showing the temperature at 50-m height intervals from the surface to 600 m height above ground. Temperature measurements are conducted at a 24-h basis. The instrument was installed on a building in Fig. 3 The TEI, Xaravgi, Petrana, and Kato Komi installation sites of the weather stations used to evaluate the forecasts 
Performance indices
For the evaluation of the model for near-surface meteorological predictions, two performance indices were calculated using hourly data: the Index of Agreement (IOA) and the root mean square error (RMSE), according to following Eqs. (1) and (2), respectively:
where O ave is the average of the observations O i , and P i are the model predictions.
The IOA is a measure of how well predicted variations around the observed mean are represented and ranges from 0 to 1, with a larger number indicating a more accurate forecast. This index was proposed by (Willmott 1981; Pielke 1984) as an alternative for r (correlation coefficient) and r 2 (coefficient of determination), since the latter are not consistently related to the accuracy of prediction. An IOA greater than 0.5 is generally considered as a good prediction, based on other models reported in the literature (Hurley et al. 2001; Zawar-Reza et al. 2005) .
Statistics also include a breakdown of RMSE into systematic (RMSE_S) and unsystematic (RMSE_U) components. Low RMSE values in a model indicate that the model explains most of the variation in the observations, while in a model lacking bias, RMSE_S should approach 0, and consequently RMSE_U should be close to RMSE. A model predicts with skill if two conditions are satisfied: (a) the standard deviations of the predictions and observations are approximately the same and (b) RMSE is less than the standard deviation of the observations (Kaimal and Finnigan 1994) .
Results and discussion
Comparison of modeled and surface meteorological parameters
System predictions of meteorology were extracted at the nearest grid point of each of the four meteorological stations, specifically for monitoring sites TEI and Xaravgi on the inner grid (300 m spacing) and for monitoring sites Petrana and Kato Komi on the fourth grid (1 km spacing) at 10 m above the ground for winds and at screen level for temperature. Wind direction is the direction relative to north where the wind vector points to
OBS observations, PRED model predictions, MEAN arithmetic mean, STD standard deviation, CORR Pearson correlation coefficient (0 = no correlation, 1 = exact correlation), IOA Index of Agreement (0 = no agreement, 1 = perfect agreement), RMSE = root mean square error, RMSE_S systematic root mean square error, RMSE_U unsystematic root mean square error, SKILL_E RMSE_U/STD_OBS (< 1 shows skill), SKILL_V STD_PRED/STD_OBS (near to 1 shows skill), SKILL_R RMSE/STD_OBS (< 1 shows skill), AVG total statistics including all the sites January 2014 and July 2013 were selected for the current work, since they are the coldest and the hottest months of the year, respectively. show that unsystematic and total RMSE values are less than the standard deviation of the observations (generally SKILL_E and SKILL_R are less than 1 and SKILL_V close to 1), which indicates skill. In general, it was found that during January 2014, the model results concerning temperature were well correlated with the observed measurements. However, on days with temperatures lower than 0°C, the model predicted values that were somewhat higher than 0°C, which should be further examined. It must be noticed the biggest deviation of observed and predicted values was observed in Kato Komi station, located at the edges of the fourth nested grid. Table 3 (b) and (c) shows statistics for near-surface horizontal wind components (u, v) . The average of IOA for u is 0.53, with a higher value in Xaravgi (0.56) indicating that the predicted values of the model for this station are good. The lowest value was found in Petrana (0.45). The highest value of component wind v was observed in TEI (0.88) and the lowest in Petrana (0.60). The mean IOA for the v wind component was equal to 0.79, indicating a better agreement between observed and computed values for the v component related to the u one. The measures of skill show that, on average, the standard deviations of winds were predicted well with their ratio (SKILL_V) being 0.70 to 1.48 for u, v, compared to the ideal value of 1.0. For both wind components (u, v), the SKILL_E is generally less than 1.0 (0.54-1.07 actually) indicating skill, with the exception for u component of Xaravgi (1.28) and Petrana (1.47). The results for the components of the wind (u, v) are presented in Table 4 (b) and (c) respectively.
Results for January 2014
Results for July 2013
The average of IOA for u is 0.54, with a higher value in Kato Komi (0.66). The lowest value was found in Petrana (0.40). The highest value of component wind v was observed in Xaravgi (0.66) and the lowest in Petrana (0.46). The mean IOA for the v wind component was equal to 0.59. The average RMSE for (u, v) was quite low for all stations for both components (1.78 and 1.97 m/s, respectively). These results mean that there is a good agreement between observed and predicted values.
Comparison of modeled and ABL meteorological parameters
Wind and temperature measurements were conducted in the ABL over the studied area for a time period of about 1 year up to 300 m (or 400 m depending on operation parameters) above ground for wind and up to 600 m above ground for temperature as mentionedintheBABL measurements^section. The comparison of model predictions to the experimental measurements was limited to selected days (9.2.2014, 17.2.2014, 28.3.2014, 9.8.2014, 21.12.2014, and 12.1.2015) from the period of the experiment Fig. 6 a Daily trend of the vertical structure of wind speed (U), wind direction defined as the direction where the wind vector points to (dir), potential temperature (θ) minus its value near surface (θ s ) from SODAR or MTP-5 and the corresponding TAPM forecasts on 9.8.2014. The white lines give the mixing height (Z i ) of the ABL estimated from MTP-5 data and TAPM model (higher than 600 m during midday). b Same as Fig. 6a but for a winter day (September 2, 2014) (January 2014-January 2015) that were representative of different conditions of atmospheric wind intensity and atmospheric stability with low acoustic noise, which affects the range of SODAR measurements. The results for a summer day, 9.8.2014, during which there was significant thermal turbulence in the atmospheric boundary layer (well-developed thermal structure covering the whole range of SODAR measurement heights) and acoustic noise was low to moderate, are presented first in more detail. In addition, data from a winter day (9.2.2014) are shown for comparison with the summer day. Figure 6a , b shows the vertical profile measurements of mean wind speed (U) and wind direction (dir) as measured by SODAR on 24-h basis and air potential temperature (θ) minus the nearsurface value (θ s ) in order to make clear the vertical thermal structure, as measured by MTP-5, and the corresponding TAPM forecasts up to the highest measuring height of either SODAR or MTP-5 on both days. The pressure profile from TAPM, which is a non-hydrostatic model, was used to estimate potential temperature from MTP-5 temperature measurements. During the summer day (Fig. 6a) , the wind measurements by SODAR exhibit high background noise at heights above 200 m, which is presented as unusually high single wind values due to urban acoustic noise (despite the quality screening applied by the software of SODAR), while at heights below 200 m, the observed values are systematically different (especially wind speed values are lower) from the forecasted ones. The potential temperature measurements from MTP-5 present minor background noise, while the thermal structure of the atmosphere is similar to the one predicted by the TAPM model even though there are differences in the mixing height of ABL Z i . For the case of MTP-5 measurements, Z i is estimated as the height where the measured potential temperature is higher by 1 K from the nearsurface value. The method of significant vertical gradient of potential temperature (temperature inversion) could not be used due Fig. 6 (continued) to the low vertical resolution of MTP-5. The deviations between the vertically averaged observed and predicted values (not shown here) presented a variability during the day (24 h) with the smallest differences occurring in the midday (well-developed ABL). Wind speed values predicted by the model were generally overestimated by 3-4 ms −1 on average compared to observations, while the error of predicted potential temperature compared to observations was relatively small and varying (± 1 Κ) during the day. Statistical results from the error analysis using the data from all the days of the analysis are given below. For the winter day (Fig. 6b) , the noise in SODAR data was lower than the summer day (due to the usually smaller urban activity in winter) and data are reliable up to about 400 m height. TAPM results for wind speed show a similar pattern for wind-like SODAR data but with higher values at heights above 100-150 m. Similar overestimation (but with a different daily pattern) by TAPM was observed in the summer day. The wind direction from the model is quite different in the beginning of the day (about 280°compared to 150°by the SODAR), but later in the day when wind speed increases, there is an agreement (about 250°). It seems that the evolution of the weather system in this winter case (usually weather is more unstable and difficult to predict accurately than in summer) was not predicted well by the model. The thermal (potential temperature) structure predicted by the model is similar to MTP-5 measurements like in the summer day, but a more intense vertical gradient was predicted by the model during the beginning of the day. This was a day with enough sunshine in the early morning and a rapidly developed boundary layer (mixing height Z i ) was predicted by the model as it is observed in MTP-5 data. However, the model predicted a near-surface temperature systematically lower by about 1 K compared to MTP-5 measurements (not shown here), which is probably the result of inefficiencies in the surface energy budget in the model.
For the evaluation of turbulence parameterization of TAPM model in the surface layer of ABL, the friction velocity (u * ) and the kinematic turbulent surface sensible heat flux (H S = − u * θ * ) were estimated by fitting the profiles of measurements below 200 m (i.e., close to the surface layer) to the MoninObukhov similarity theory. According to similarity theory (Kaimal and Finnigan 1994) , the profiles of U and θ follow a logarithmic law with height (z) modified with stability functions ψ m and ψ h , respectively:
where θ s is the potential near-surface temperature, L ¼ u 2 * θ κgθ * is the Monin-Obukhov length, d is the displacement height, κ is the von Karman constant, g is the acceleration of gravity, and z 0u and z 0t are the roughness lengths for wind and temperature, respectively. The stability functions used are the ones used in the TAPM model. Figure 7 presents the vertical profile of wind speed and potential temperature measurements on August 9, 2014, 13:30 LT minus U 1 and θ 1 values, respectively, at the lowest measuring height in order to remove the effect of roughness lengths, which cannot be reliably estimated without accurate measurements very close to the surface (the lowest measurement height of SODAR measurements was 40 m), and their optimum fit to the similarity theory relations. However, using Eqs. (3) and (4), we estimated an average roughness length for wind speed and potential temperature for each profile. The results (not shown here) indicate that the estimated roughness lengths are a lot smaller than 1 m under stable atmospheric conditions during nighttime but tend to increase to values higher than 1 m and up to 2 m according to MPT-5 measurements, which are more accurate near surface values than SODAR due to sound reflections and urban acoustic noise, during convective conditions in daytime. A dependence of the effective roughness length and displacement height on Fig. 7 Wind speed (U-U 1 ) and potential temperature (θ-θ 1 ) vertical profile at heights lower than 200 m (near the atmospheric surface layer) and their optimum (least square error) fit according to the theory of similarity atmospheric stability has been also found by Zilitinkevich et al. (Zilitinkevich et al. 2008) . The value of the displacement height which gave the closest agreement with model values of u * and θ * was 3 m, which agrees with the relatively low density of low height building in the area of instruments. Figure 8 presents the daily trends of the friction velocity, the surface turbulent heat flux, and the mixing height of the atmospheric boundary layer, as estimated by SODAR and MTP-5 measurements and TAPM predictions on 9.8.2014 and 9.2.2014. From this figure, it can be concluded that u * and H s values are generally in good agreement, especially during midday, with the predicted ones. However, the model overestimates the low values of friction velocity and the negative values of heat flux and underestimates the mixing height during morning or late afternoon. In the case of heat flux, the model generally underestimates the negative values (i.e., predicts more negative values than measurements indicate) during stable atmospheric conditions in the night. The peak value of heat flux near the middle of days is well predicted by the model, but its time is displaced at an earlier time in the summer day and at a later time in the winter day. In the winter case, the model also does not seem to follow the heat flux drop after noon, which probably was the result of clouds not predicted by the model. According to the time-series of wind speed and direction on 9.8.2014 near surface (not shown here, but it may be inferred from Fig. 6 ), wind speed was higher (about 6 ms −1 ) during night compared to daytime (about 3 ms −1 ) and wind direction remained steady around 350°.
Friction velocity is proportional to the wind speed with a proportionality factor the square root of the drag coefficient, which is of the order of 10 × 10 −3 for a surface with many high obstacles like an urban area depending on atmospheric stability according to Stull (Stull 1988) . Using the similarity relation Eq. (3), the estimated proportionality factor may drop from 8. and (4)). Wind direction was about the same during night and day on 9.8.2014, which means that there should not be a roughness length change due to a significant change of path traveled by air above the city. Thus, despite the higher (double) wind speed during night than during day, the friction velocity should probably be reduced during night as SODAR results indicate, while TAPM results indicate an almost steady friction velocity. However, by keeping the roughness length value at 1 m for all atmospheric conditions (as it is done in TAPM), the proportionality value under stable atmospheric conditions would be 3.9 × 10 −3
. Thus, the higher surface momentum flux (friction velocity squared) in TAPM results during night may be attributed to the roughness length value or the displacement height or, if roughness length and displacement height as usually are assumed to be independent of atmospheric stability, the similarity functions which are used in the model. A similar analysis holds for the winter case of 9.2.2014, i.e., the friction velocity predicted by the model does not reduce during night due to the use of a fixed roughness length in the model.
Next, the statistical analysis of the deviations of model results from the corresponding measurement values using the data from all the days selected for analysis are presented. Measurements were available at a denser temporal grid and, thus, they were averaged (integrated) in time to correspond to the time periods (every 1 h) of model outputs and, then, they were interpolated to model heights. Figure 9 shows the profiles of average errors. The systematic error (bias) corresponds to the mean value of the deviations and the random error (stderr) corresponds to the standard deviations. The overestimation by 3-4 ms −1 and the increase of random error with height due to the rise of the background noise observed on the specific days presented in detail above are repeated for the total days of the analysis. The higher overestimation at about the first height of the SODAR is probably due in part to possible sound reflections to nearby buildings, which bias SODAR measurements to near zero wind. Also, the average difference of about 30°in wind direction could be due to an orientation error of the SODAR. The model generally underestimates the potential temperature by 0.8 K, and as the profile of bias indicates, it has a difference in the vertical structure from measurements with more stability below 200 m and less above it (a similar behavior as observed on 9.8.2014, too). Flag and Taylor (Flag and Taylor 2011) Figure 10 shows the comparison of u * , θ * , and Z i for the day analysis. In this comparison, only the points with absolute Fig. 9 Systematic (bias) and random (stderr) error of TAPM forecasts relative to the measurements of SODAR (wind speed U and direction dir) and MTP-5 (air temperature T) for all the selected days of the analysis deviation less than the limits indicated in the figure were used, in order to exclude cases when the forecast of the model was very much in error (e.g., due to synoptic scale changes which were not accounted in the model). The turbulent fluxes generally agree well, but the model overestimates the low values of u* and the negative values of heat flux as observed for the days presented above in details. On the other hand, the model underestimates the mixing height values by less than 100 m under stable atmospheric conditions during the early morning and night hours and by more than 100 m during the afternoon hours when the destruction ABL starts (there are no data for comparison in the midday due to the limited range of MTP-5) according to the temporal analysis of deviations in the day (not shown here). The underestimation of u * from the model (by about 0.15 ms −1 on average) does not show a daily pattern, but heat flux is underestimated from the model by about 30 W m −2 during the nocturnal period (stable atmospheric conditions with small negative heat flux). It should be noted that the estimation of u * and H s is based on an indirect method (profile fitting) and not on a direct method like eddy correlation, as well as Z i is estimated from measurements using a somewhat subjective method. Thus, they have a significant uncertainty especially under stable conditions due to low turbulence and questionable validity of similarity theory. TAPM model was run also with an urban type corresponding to a more densely build area, which is characterized with a roughness length value of 2 m in contrast to the value of less than or equal to 1 m corresponding to the urban type (the type more close to our experimental area) of the original model runs. TAPM urban parameterization scheme treats the urban area as a land use type with characteristics depending on the density and height of buildings. According to the new runs of the model (not shown here), the increase of roughness length caused a decrease of wind speed at the layer below 100 m height about ground, which at 10 m height reaches 2 ms −1 during daytime and 2.5 ms −1 during nighttime. Thus, the bias of model wind speed from the model against the SODAR measurements ( Fig. 9 ) was decreased. However, at the same time, the friction velocity estimate from the model was increased. For the case studies shown in Fig. 8 , the friction velocity from the model was increased to values higher than 1 ms −1 and, thus, the overestimation compared from the SODAR estimates during night was extended to daytime. It may be concluded that the increase of roughness length in the model to decrease the predicted wind speed near surface to values closer to observations is not consistent with observations. The differences of the model potential temperature profiles and near-surface sensible heat flux between the high roughness length runs and the original lower roughness runs are more significant and complicated to have clear conclusions. The change of land use type in the urban area to a more dense urban type in addition to roughness length changed also other significant surface characteristics like urban anthropogenic heat flux in the surface energy budget. The E-ε turbulence closure scheme in the ABL over the urban area should probably be modified to change the vertical mixing and, thus, also the wind speed near surface. In addition, an effective roughness length and displacement height depending on atmospheric stability, as it is discussed now in the text following Eqs. (3) and (4), would probably improve the agreement of model wind speed and friction velocity wind with observations. In this paper, we examined the performance of the operational version of TAPM and we did not attempt a major modification of the model.
Conclusion
The current work presented the part 1 of a project aiming to develop and evaluate a high resolution atmospheric urban-scale model to simulate the aerodynamic and thermal effects of urban surface characteristics on the atmosphere and provide detailed meteorological parameters required for building scale computational fluid dynamics and energy studies in structured areas.
The meteorological module of TAPM was used to model the near surface meteorology of January 2014 and July 2013 in the Kozani urban region. The model was modified by incorporating four urban land surface types, replacing the existing single urban surface.
The model predictions were compared with surface as well as profile meteorological data.
Generally, the results showed that TAPM has demonstrated good performance in predicting the near-surface meteorology for both the winter and the summer months. The model predicted well, although the predictions of temperature for July were better than those of January, where on days with temperature measured values lower than 0°C the model predicted values somewhat higher than 0°C.
As far as the performance of TAPM in predicting meteorological parameters in the ABL is concerned, the comparison showed that the TAPM model forecasts generally performed well with respect to the temperature profiles and ABL height but overestimated wind speed (up to 3-4 ms −1 ) at heights near ground level (mostly below 200 m). Also, friction velocity and less turbulent heat flux were generally overestimated by the TAPM model when compared to the corresponding estimates derived by fitting the similarity relations to measured profiles. These differences are probably due to background noise problems of the SODAR measurements in the quite noisy urban environment or the selected values of surface characteristic parameters. More specifically, the roughness length may significantly decrease during stable conditions in night compared to daytime convection conditions, which will lead to reduced friction velocity values compared to the current operational setup of TAPM with roughness length independent of atmospheric stability. Overall, it seems that model may provide information of sufficient quality to build boundary conditions for building scale CFD simulations. Obviously, the overestimation of wind speed near ground level may compromise performance of the CFD simulations. By modifying the E-ε turbulence closure scheme in the ABL over the urban area would probably change the vertical mixing and, thus, also the wind speed near surface to values closer to observations.
